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Cleaning-in-place (CIP) has become a common practice in food processing. The concept of CIP is to 34 clean components of a plant or pipe without dismantling or opening the equipment and with little or no 35 manual involvement of the operator (Lelieveld et al., 2005) . In the food industry, CIP tends to consist 36 of a series of similar steps, including: (1) Product recovery to drain the product from the system; (2) 37
Pre-rinse for removing excessive soils from the system; (3) Circulation of alkaline solution to lift the 38 soils from the plant surface and dissolve or suspend the soils in the detergent solution; (4) 39
Intermediate rinse by water for removing the alkaline and entrained soils; (5) Circulation of acid 40 solution to remove inorganic soils; (6) Intermediate rinse using water for removing acid; (7) 41
Disinfection (optional) to eliminate microorganisms if a sanitary environment is required for the 42 subsequent processes; (8) Final rinse (optional) to remove residual agents. If there is no disinfection 43
step, the water quality in step 6 is often improved by treating with chlorine dioxide (Tamime, 2008) . 44
In a recent mapping project performed at a leading brewery manufacturing site (Carlsberg Denmark), 45 more than 33 CIP operations occur every day for cleaning tanks and pipes. Among these CIPs, pipe 46 cleanings contribute with over 50% of the costs (Yang, 2017) . and turbulent flows (Levenspiel, 1958; Zhao et al., 2010) : 108
where is the average agent concentration at length ! and time , is the initial agent 109 concentration, is the mean flow velocity, is the axial dispersion coefficient, 5 is the error 110 function. In the process of water displacing cleaning solutions in a pipe, the boundary conditions are 111 when t = 0, = C at ! ≥ 0 when t > 0, = 0 at ! = 0 
where is the mean flow velocity, is the inner pipe diameter, 5 = ( ' ⁄ is the Reynolds number. 114
Under the studied flow conditions, which are described later, the second term on the right hand side in 115 The geometries were simplified to be quarter sections, as the flow profiles were symmetric along the 125 radial direction. Such a simplification reduced the computational time significantly compared with the 126 simulation of the whole pipe geometry. It also retained cuboid mesh elements at the center of the 127 pipes. Structured hexahedral meshes were made with help of the meshing software ANSYS ICEM 128 CFD 16.2. A mesh independence test was carried out and described in section 2. Subsequently, a transient simulation was performed using the steady results as initial conditions. The 146 pipe was divided into two sections in order to eliminate the entrance effects under which the flow was 147 not fully developed. It was crucial to introduce this additional length of the pipe, since a boundary 148 condition at the inlet was chosen, where at any point of the inlet the same velocity was defined. 149
Therefore, a certain length was needed, before the correct velocities in radial direction were 150 established as shown in Figure 3 Table 1 shows 7 cases of simulations which were carried out to minimize the errors associated with 174 the mesh size and flow inlet conditions. The mesh study was performed by refining the mesh in single 175 radial direction (case 7) or in both radial and axial directions (case 6), and comparing the turbulence 176 intensity near the wall and the average agent concentrations at different distances with the reference 177 case 2. All the studies were performed based on the inner pipe diameter of 40.90 mm (DN 40) and a 178 flow velocity of 1.5 m/s. 179
In addition to the flow velocity, the turbulence at the inlet is defined by the turbulence intensity ( ) and 180 the turbulence length scale ( ) (Wilcox, 2006) . In this study, the turbulence magnitude of the inlet was 181 studied by comparing cases 1 -5 in Table 1 Meanwhile, agent concentrations near the inlet are lower than near the outlet. So the average agent 271 concentration at the outlet plane is still above 1% at ,QROS . In practice, the rinsing time can be 272 determined by measuring the agent concentration downstream and rinsing stops exactly when the 273 agent concentration reaches the pre-defined criteria. However, the apparent rinsing time in such a 274 situation is still longer than the true requirement in order to reduce contamination risks. 275
Minimum water consumption for rinsing 276
The minimum water consumption for an effective rinsing is the minimum requirement of water to 277 reduce the amount of agent to such a low degree that the residues have no or only a minor effect on 278 M A N U S C R I P T
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16 the following steps. In this study, the removal of 99% of agent components is assumed as a complete 279 rinse. In order to compare the minimum consumption for different pipe diameters, a volume factor, , 280 is defined as the ratio between the minimum water consumption, , and the pipe volume, , as 281 follows: 282 With decreasing pipe diameter and increasing pipe length, the volume factor values tend to the lower 292 limit of 1, indicating that the minimum water consumption approaches the pipe volume. It can also be 293 concluded that the calculated volume factors based on the downstream measurement are larger than 294 the values based on the volume, which is the same trend as the illustrated cleaning time in Figure 8 . 295 Therefore, if the cleaning time is controlled by downstream measurements, the consumption of water 296 is still 6 -20% more than the real demand to remove a certain amount of agent from the volume. 297 3.5.
Minimum volume of wastewater 298
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Recovering of cleaning agent and rinsing water is an efficient solution to reduce the cleaning cost. For 299 a given pipe length, the recovery plan can be made in the following way: 300
• The recovery of cleaning agent stops at , NO . So the agent solution is still in high 301 concentration without dilution and can be reused with high activity. 302
• The recovery of rinsing water starts at ,NO , as the rinsing water is less "polluted" by the 303 agent components. The recovered water can be used for the pre-rinse of the next cleaning or 304 for other applications where the water quality fits. 305
• The effluent between ,NO and ,NO is a mixture of the agent solution and the rinsing 306 water, which can be disposed to the drain or a wastewater treatment plant. The amount of 307 effluent can be regarded as the minimum amount of wastewater when the recovery is planned 308 according to this approach. 309
The minimum volume of wastewater is: 310
As indicated by equation 4, the values of • ,NO and • ,NO only depend on the inner pipe 311 diameter for a given pipe length. Therefore, the minimum volume of wastewater increases as well 312 when the pipe diameter increases. 313 3.6.
Mixing zone length 314 Figure 9 shows the process when the agent is displaced by water in a 1 m pipe section within 2 s. The 315 displacement occurs mainly in the axial direction. Mixing in radial direction is not significant when the 316 flow is in turbulent regimes (Chisti and Moo-Young, 1994) . In this study, mixing length is defined as 317 the distance from the leading edge where the agent concentration is 99% to the trailing edge where 318 the agent concentration is 1%. In industrial practice, the rinsing time is usually set based on experience, which can thus be over or 376 below 1.5 times the residence time. The density and dynamic viscosity are assumed to be 997 kg/m 3 377 and 8.899×10
-4 kg/(m·s), and are assumed the same for the agent solution and the rinsing water. 378 Table 3 summarizes the results, which have been produced using the algorithm summarized in Figure  379 13. The calculated minimum rinsing time based on a fixed plane is 11.2% larger than the minimum Table 1 . Cases 2, 6 and 7 are designed for the mesh independence study. Cases 1 -5 are designed for the study of inlet boundary conditions. Case 2 is the reference which is the selected mesh. 
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